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NOMENCLATURE
a - p - Temperature readings of 16 thermocouples on manikin
surface
A - Area, ft 2
ADu " Pody nude surface area measured by DuBois method, ft
C - Hate of convective heat loss to air, Btu/hr
Cp - Specific heat at constant pressure of the fluid,
Btu/lb-F
D - Heat loss by skin diffusion, Kcal/hr
D - Diameter of cylinder similated to human body, ft
E - Rate of heat loss by evaporation, Btu/hr
T
"clo - Ratio of the clothing surface area to DuBois area
F
eff - Ratio of the effective radiation area of the clothing
surface to the surface area of the clothed body
g - Acceleration due to gravity, ft/hr
h - Convective heat transfer coefficient, Btu/hr-ft 2-F
h
r
- Radiative heat transfer coefficient, Btu/hr-ft 2-F
H - Total sensible heat loss from the body = C + R, Btu/hr
K - Rate of conductive heat exchange with the subject contact
on the body, Btu/hr
k - Conductivity of the air entrapped by clothing, Btu/hr-
ft 2-ft-F
M - Rate of body heat production, Btu/hr
P - Atmosphere pressure, lb/in
P - Partial vapor pressure in air, Hg mm
P
- Power input to copper manikin, Watt
iii
r - Heat c<? vaporization of water at 35 °C
R Q - Reynolds number =
R - Kate of radiation heat loss to surroundings, Btu/hr
R - Thermal insulation, Clo (See page 24 , table 4 and fig. 5)
R - Latentrespiratory heat loss, Kcal/hr
S - Rate of change of heat storage in the body, Btu/hr
t - temperature, F
T - Absolute temperature, R
V - Air velocity, ft/min
IV - Rate of work done, Btu/hr
Vf - Humidity ratio of the expiration air, lbw/lba
Vi'
a
- Humidity ratio of the air intake, lb /lba
o- - Stefan Boltzmann contant - 0.17H 10-8 Btu/hr-ft 2-R^
£ - Ercissivity
(1 - Coefficient of volumetric expansion, F
P - der.sity of the fluid, lb/ft 3
JX, - viscosity of the fluid, lb/hr-ft
Subscripts
a - Air
b - surface of the manikin
clo - surface of the clothing
enc - enclosure
w - wall
'
- applied on R, means total insulation
R - applied on R, means insulation averaged on the whole
body surface
INTRODUCTION
Ken are continuously searching for a way to protect
themselves from an unfavorable atmosphere and create a more
favorable environment for both comfort and convenience.
Clothing plays a very important part in human comfort, and
consequently it has been the subject of intense research.
There has been a large amount of research done on human
comfort with different temperatures, humidities and body
activities. Most of these works have been done at extremes
of environmental conditions. (1, 2, 3, h-)*
Thermal comfort studies with human subjects and civilian
clothing as worn by the general public under climatic con-
ditions commonly encountered are limited (5, 6, 7, 8, 9, 10).
Some of the recent works on human comfort have been described
by Nevins (11), Kevins et al (12), and KcNall et al (13).
Most of the above mentioned works used the method
keeping the clothing worn by the subjects constant and al-
lowing some of the other factors such as air temperature,
air humidity, air velocity, wall temperature, body activities
and exposure time, which influence thermal comfort to vary.
Little research was found reporting studies of the amount of
the thermal insulative value of men's garments.
The purposes of this study were:
^Bibliography is listed on page4o
1. To find the amount of clothing required for
human comfort at various air temperatures and
body activities.
2. To measure the sensible heat loss from the nude
body and compare these results of sensible heat
loss, from the copper manikin surface with the
nrevious literature.
3- To analyze the additive effect of the combinations
of several clothing layers.
CHAPTER I
MAL EXCHANGES OF THE HUMAN BODY
WITH Tl OKMENT
• temperature depends upon the balance between heat
uction and heat loss. Heat resulting from oxidation of
i elements in the body (metabolism) maintains the body
Lrature well above that of the surrounding air in a cool
environment. At the same time, heat is constantly lost from
the hody by radiation, convection, conduction and evaporation.
According to the first law of thermodynamics, evergy
: nput should equal energy output plus change of the energy
within tho body. Thus, heat exchanges between the body and
its environment may be generally expressed as:
M = ±S + E +R +C +W +K (Btu/hr) (1)
where
M = rate of body heat production by metabolism (Btu/hr)
S = rate of change of heat stored in the body (Btu/hr)
E = rate of heat loss by evaporation (Btu/hr)
C = rate of convective heat exchange with air (Btu/hr)
R = rate of radiation heat exchange with surrounding
surfaces (Btu/hr)
W = rate of work done by the body (Btu/hr)
K - rate of conductive heat exchange with surfaces in
contact with the body (Btu/hr)
fTi • ..Vol-' sm
The rate of metabolism is largely dependent upon muscular
activity and may vary from less than 400 Btu/hr for an adult
seated at rest to more than 2500 Btu/hr. for subjects doing
heavy work (14). Even at the same activity, the rate of
metabolism varies with the environmental temperature, es-
pecially when the body is in the zone of metabolic regula-
tion against cold. In this zone, heat production rate is
increased by body shivering (14).
When a copper manikin is used to similate the human
body, heating elements consisting of flexible resistance
wires are sewn to thin cloth cemented to the inside of the
copper shell. The resistance can be adjusted to similate
different heat production rates over the body surface area
and the voltage can be adjusted to similate different body
activities or desired temperature differences when air tem-
perature is constant.
Radiation
Radiative heat exchange occurs when the mean radiant
temperature (MRT) is different from the clothing surface
temperature (or mean body surface temperature when nude).
Radiative heat exchange can be expressed as follows (15):
a
foff fclo ADu °- (?clo "
T
mrt )
.
; '
1 F TTL
l
> Btu/hr
1 +
riDu ^lo x eff r 1 J£cl Aen0 L £ enc -*
where
f ._ = ratio of the effective radiation area of the
el i
clothed body to the surface area of the clothed
body.
f
2_
~ ratio of the clothing surface area to DuBois
area.
CT = 0.17U X 10" 8 Btu/hr-ft 2 Stefan- Boltzmann con-
stant
Ap,, = manikin's surface area by DuBois' method (34)
^mrt ~ absolute mean radiant temperature (R)
T . = absolute temperature of the clothing surface (R)
tel = eir.issivity of the outer surface of the clothing
(or skin surface when it is nude)
£enc = emissivity of the enclosure surface
2
A
enc
= area of the enclosure surface (ft )
A-, f f , f ,
If the ratio uu eI1—— is relatively small, or the
A enc
surface of the enclosure is nearly black, as it normally is,
Eqn. 2 reduced to
R " feff fol ADu ^cl (?clo - T^t ) (Btu/hr) (3)
Fig. 1 shows a composite of data from many authors for
the reflectance in the visible and near infrared regions for
a white and a dark skin. The major differences in reflecting
power are in the visible and near infrared range. If the
skin temperature is 91.5°F, by Planck's distribution function
(16), about 95% of the heat is admitted at the wavelengths
ter than 6.61 A. In this'
ranfte, the reflectar.ee of
an is quite constant
from 0.01 to 0.015 (see
Fig. 1).
The effective radiation
area is less than DuBois area
because the parts between
arr.'.s and between legs partially
radiate to each other. The effective radiation area is 65'
when sitting and 75°J when standing as recommended by Fanger
(17).
Thus, for a standing man, Eqn. 3 can be reduced to
,4
2.3.4-6 1.02.0 4.0 10 20
Wavelength W
Fig. 1 Reflecting Power
of Human Skin (14)
R - 125 {(T
cl/I00r - (?enc/l00)
4) (Btu/hr)
M*d -W (Btu/hr) (4)
where h is a function of wall and body surface temperature
only. If the wall temperature is fixed (70"F) as in this
case, h- is a function of body temperature only and is listed
in Table 1.
Table 1. Radiative Heat Transfer Coefficient
1 25 50 75 100
745 .796 .619 .860 .900
(Ptu/hr-ft 2-F)
To facilitate the calculations, a direction is made
that the radiative heat transfer coefficient be considered
constant over the practical experimental range of tempera-
ture difference. The error due to this suggestion is only
3;".' if temperature differences are in the ranges from 1 to
50°F. This suggestion is followed through out this paper.
Ccvection
The basic equation for convection heat transfer is
C
"
h
c
Ado (t clo - V (3tu/hr) (5)
where
h = convection heat loss coefficient (Btu/hr-ft -F)
t - air temperature (F)
A.
:
= area of clothing surface (or ADu when nude) (ft )
A -,
'
t
c i and ta can ^ e me asured directly, h can be
expressed as
h
c
= f(D, V, M, f , At, K, C p , g, /5, P)
where
D = characteristic geometrical dimension (ft)
V = velocity of fluid (ft/min)
M~ = viscosity of the fluid (lb/hr-ft)
? » density of the fluid (lb/ft 3 )
At = temperature difference between body surface and
ambient fluid (F)
K = thermal conductivity of the fluid (Btu/hr-ft-F)
r specific heat at constant pressure of the fluid
(Btu/lb-F)
= acceleration due to gravity (ft/hr )
(i - coefficient of volumetric expansion (F)
? - pressure of atmosphere (Psi)
Convective heat transfer can be divided into two types:
forced convection and free (natural) convection depending
upon the velocity of the fluid and the temperature difference.
Forced Convection
Forced convection is usually considered to be that which
occures when the body is placed in a moving fluid influenced
by some external forces.
"'any investigators attempted to solve this problem both
theoretically and experimentally. The following is some of
their works, Buttner (IS), for V 0.2 m/sec.
h = %7° Re" 52 (Cal/m2-min-C)
c \j
where
Re Reynolds number = —
—
V/inslow et al (19)
h
c
= 10.4 V5 (Kcal/m2-hr-C) (7)
where
V " air velocity (m/sec)
KcNall and Sutton (20) applied a basic heat transfer equation
For a cylinder to the human body, approximating it as a ver-
tical cylinder 63" in hight and 19-5 ft 2 in area on the recom-
mendation of the ASHVE GUIDE (21)
h = 0.057 V 56 (Btu/hr-ft 2-F) (8)
where
V =-- air velocity (ft/min)
Free (natural) Convection
Free convection heat transfer occurs whenever a body
is placed in a fluid at higher or lower temperature than that
of the body. As a result of the temperature difference heat
flows between the fluid and the body causing a change in the
density of the fluid layers in the vicinity of the surface.
The difference in density leads to a downward flow of the
heavier fluid and an upward flow of the lighter fluid and
heat transfer occures associated with this fluid flow.
Nielsen and Pedersen (22) recommended the following
equation for both men sitting and standing,
h„ - 2.05 (tv - t
J
" 25 (Kca l/m2-hr-c)
McNall and Sutton based on the same cylinder mentioned
above recommended
hc = kx (tb
- t
a )
-25 (Btu/hr-ft 2-F)
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where
k-, - constant, depending on the temperature range
= 0.0269 in this case
t^ - nude body (of clothing) surface temperature
One must decide whether forced or free convection pre-
vailes when both temperature difference and air flow occur.
Undoubtedly there will exist a zone where the influence of
both temperature difference and velocity of fluid are of
same order of manitude. It is proposed to use the usual rule
for the calculation of convective heat transfer in this zone.
This is to calculate h for both free and forced convection
and use the larger value of the two.
Fanger (17) proposed to use equation 9 for free convec-
tion and equation 7 for forced convection.
McNall et al (20) proposed to use equation 10 for free
convection and equation 8 for forced convection.
The results for both proposals were plotted in Fig. 9
where air velocity is assumed constant (30 ft/min).
Conductive Heat Transfer K
Thermal conduction is a transportation of energy due
to moleclar motion. For the purposes of this study, conduc-
tive heat transfer was considered to be that associated with
the heat exchange between two intimately touching solid ob-
jects. In the case of a man standing on the floor, conduc-
tive heat transfer is very small, and can be neglected (only
11
small areas of feet are in direct contact on the floor).
I'ivnpprnti on
The phenomenon of evaporative heat loss can be broken
up into three parts; skin diffusion, latent respiration and
sweat secretion.
Skin diffusion, which is a function of body skin tem-
perature and vapor pressure in the air, is water vapor dif-
fused through human skin. Fanger (17) suggested the following
equation based on data by Inouye et al (23)
D - 0.35 ADu (Pb - Pa ) (Kcal/hr) (11)
where
P
fe
= saturated water vapor partial pressure at body
skin temperature (mm Hg)
? = nartial pressure of water in the surrounding air
a
(mm Hg)
Latent respiration heat loss occurs from the transfer of
water vapor to the inspired air from the mucosal surface.
Fanger (22) has reported that latent respiration heat loss
is a function of the pulmonarary ventilation and the differ-
ence in water content between expired and inspired air:
R, = V (W„„ - WJ r (Kcal/hr) (12)w ex a
where
Rw = latent respiration heat loss (Kcal/hr)
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V - pulmonaty ventilation (Kg/hr)
W - humidity ratio of the expiration air
(kg water/Kg dry air)
r •= 575 Kcal/Kg - heat of vaporization of water at
35°C.
Sweat secretion is more difficult to define and express
mathematically since it is physiologically controlled. In
the thermal comfort range KcNall et al (13) found experi-
mentally that for college males and females, the total evapor-
ative heat loss is a function of metabolic rate and the body
surface area and could be expressed as follows:
JL =
.512 JL _ H.7 (Kcal/m2-hr) (at 45$ RH) (13)ADu Adu
By making use of equations 11, 12 and 13, the heat loss by
sweat secretion can be expressed by
A^ = 0-« <A^ - 50) (Kcal/hr) (lif)
The above discussion for evaporative loss from body
applies under comfort conditions. Winslow and Herrington
(23) reported that when the air temperature is above a cer-
tain point sweat secretion increases sharply with an increase
in air and wall temperature and bears no relation to the
relative humidity of the atmosphere.
The evaporation is driven by the difference of vapor
pressure at the skin and vapor pressure in the environment
13
and may be described by the following equation if the body
is completely covered by liquid (2U) (The body area is taken
for the average adult)
E = 517 V 4 (Pb - Pa ) (Btu/hr) (15)
where
V = air velocity (ft/min)
P. = pressure of saturated water vapor, at the body
surface temperature (Psia)
P water vapor pressure in air (Psia)
However, the body surface is not always covered wholly
with liquid. A wetted area concept is introduced and defined
by
W.A. = E/E'
where
E' = theoretically attainable evaporative heat loss if
the body is completely covered with moisture and
it can be calculated by equation 15
From Eqn. 1 with a fixed metabolic rate, air and wall temper-
ature, air velocity (M, R, C constant) E is the only term
left. Thus, it is fixed if the body is in equilibrium with
the environment (S = 0). By varying W.A. the body is able
to maintain thermal equilibrium over a range of environments
with resonable variations of body temperature which will not
impare the vital organs.
ure are two upper limits for evaporative heat regu-
lation under extremely hot conditions.
1. The amount of moisture which the atmosphere can
actually ahsorb from the total saturated surface
area as calculated from eqn 15. This limit can be
increased by increasing the air velocity.
2. It is believed that the sweat rate should not exceed
one litre per hour (2400 Btu/hr) for reasonable
periods or the body will suffer from excessive
water and sodium chloride losses (24).
The actual latent heat loss could be measured by the
measured weight loss times the latent heat of vaporization
taken at the average skin temperature for a nude subject.
However, for a clothed body, there are three paths by which
the evaporation process may take place: water may evaporate
from the skin and diffuse through the clothing; water may
wet the clothing and then evaporate at the clothing temper-
ature; or the moisture may be evaporated from the skin,
condense on the clothing and then reevaporate at the clothing
temperature, the latent heat of vaporization is therefore
difficult to establish accurately.
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CHAPTER II
CLOTHING AND COMFORT
General
The primary purpose of clothing is to protect men from
unfavorable atmospheric conditions. In this paper we are
interested only in the thermal protection of clothing.
The thermal insulation value of clothing is not proveded
by the fibre itself but by the dead air entrapped by it (25).
Thus, by simple heat transfer rule of thumb, the thermal
insulating value of clothing is proportional to the thickness
of dead air enclosed.
An unit of heat resistance "clo" is used to measure
the insulating value of clothes. It is defined as
1 'clo' O.i hr-ft -F/Btu
One 'clo' is about the insulation required for average men
at 7C"F air and wall temperature.
Fig. 2 (26) shows the thermal
insulating value for a narrow .6
air spaces between two blackened c .4
horizontal plates with heat flow 3 ,2
upward. The insulation at first
increases linearly with the thick-
ness but thus the slope decreases
until a thickness of about 5" is
reached. There is no more gain
71
~i T5 rs frcr
Thickness (in)
Fig. 2 Insulation of an
air space between
two plates vs. thick-
ness of the space (26)
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in insulation by making the space wider because of the in-
creased development of convection currents. The value of
0.5 clo is about the maximum insulation obtainable by adding
a single loose overall over a clothing ensemble (27).
However, this convection current can be prevented by
filling the air space with loose material of low bulk
density. Fig. 3 shows the results by Larose (28) which
indicates that the thermal insulation is proportioned to
thickness of the dead air space (solid line). The result
of about i.7 clo per inch of thickness is about the maximum
that clothing could offer. It seems to be agreed on that
4 clo per inch is approximately the value achieved in
practice (29) due to the following factors
i. air entrapped is not totally immobilized.
ii. heat transfer area increases by the effect of
curvature
.
When clothes are put on a body, the heat transfer area
increases, this decreases the insulation of the clothing in
two ways. First, it increases the heat loss from clothing
surface to air per unit body surface since the heat loss is
proportional to the area. A factor f_-i is, thus, introduced
which is defined as the ratio of the surface area of the
clothed body to surface area of the nude body measured by
Du3ois' method. Heat loss from clothing surface to the air
car. be expressed as
ADu
, ^ , l
17
C
- i^" fclo (*clo " V TM < 3tu/hr > (16)
where
R„ •= insulation of air (clo)
t
clo temperature of the clothing surface area (F)
The effect is as though the insulation value of the air
decreases by the amount of f
clo - Second, the conduction
area of the dead air entrapped by the clothing increases,
thus, increases the heat loss through the clothing. If
the body is considered to be composed of cylinders, the
heat loss through the dead air can be expressed as (30)
H -
(t i
;
t o) 2JCkl (Btu/hr) (17)
(r /rb )
where
H = sensible heat loss from the body surface
k = conductivity of the air entrapped by clothing
r Q = radius of the outside clothing (ft)
1 « length of the cylinder (ft)
ffc, « radius of the cylinder (ft)
If r /rb is less than 2, eq. 17 can be reduced with only
slight error to (30)
H "
2(r^"
-rf)
1 k A
i A t (Tru/hr) (18)
The dotted line in Fig. 3 shows the tctal curvature
effect on insulation of the clothing. The detail of the
18
c
o
E-i
Fi;
1.0 1.5
clothing thickness (in)
3 Relation of the total insulation of clothing
to the. thickness of clothing at still air
condition. (see App. 1)
calculation are given in Appendix II. The total insulating
value is the insulating value of the air at this laboratory-
conditions (slow air motion) plus the insulation value of
the dead air entrapped by the clothing.
Clothine and Comfort
Satisfactory comfort conditions for a person at rest
or work depend upon the amount of clothing worn and the rate
of work (or the rate of heat which it is necessary to be
dissipated from the body). From Eqn. 1
M - +S +E +C +W +K
19
where
K is small for a standing subject and can be neglected.
W depends upon the nature of activities and can be
predicted by ref. (17).
M depends upon the rate of activities (see ref. 14).
S is approximately zero at thermally neutral conditions.
E depends on the rate of activities and humidity.
It is known that humidity has only a slight effect upon
sedentary subjects under thermal comfort conditions as re-
corded by Kevins (12), and a relative humidity ranging of
25 to 65% caused no significant effect upon male comfort
when the body activity levels are higher than sedentary under
comfort conditions as pointed out by McNall et al (13).
Table 2 is few data points taken from refs. (12, 13, 17).
For comfort, if M is fixed, E is fixed (about 42% of M)
.
Neglecting humidity effects, the heat dissipated by convec-
tion and radiation is thus, fixed. With the aid of a basic
heat transfer equation (31) the insulating value of clothing
required to keep the body comfortable can be expressed by
*cl - (cVR)
a
0.8 8
ADu < cl°> (19)
To facilitate the calculation, Table 3 is developed. A
constant sensible heat loss line vs. temperature difference
at comfort is drawn in Fig. 4. Thus, for a fixed temperature
difference and metabolic rate, the insulation of clothing
20
Table 3 Thermal Comfort Condition for Four Levels of
Ken's Activities
1 2 3 4
397 622 829 1061
(2)
168
(1)
294
(1)
373
(1)
462
229 328 456 599
93.1 91.7 90.0 88.0
77.5 71.0 66.0 62.0
Activity
Levels
(1) K
( Btu/hr
)
E
(Btu/hr)
R i C
( Btu/hr
)
(3 ) skin temp.
(
C F)
(4) comfort
temp. (°F)
Level Activities
1 seated at rest.
2 sitting, moderate arm and leg movements.
3 sitting, heavy arm and leg movement, lifting or
pushing.
4 walking about, with moderate lifting or pushing.
(1) McNall et al "Metabolic Rates at Four Activity levels
and their Relationship to Thermal Comfort."
(2) Assume the evaporation heat loss is 42% of total heat
loss by reference (1).
(3) Fanger "Calculation of Thermal Comfort: Introduction of
a Basic Comfort Equation" ASHRE Trans., 73, 1967 (Fig.
(4) McNall et al "Thermal Comfort (Thermally Neutral) Con-
ditions for Three Levels of Activity." ASHRAE Trans.,
73, Part 1, 1967.
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required to keep the body comfortable can be found in this
chart. The total insulation value R' for nude, basic
clothing (see App. IX) and a jacket with lining over the
basic clothing are also drawn for comparison. It should
be pointed out that the clo value is based on the low air
movement (less than 30 ft/ir.in) and a relatively motionless
bcdy. When a body is moving, a creation of both external
and 'internal' air velocity is expected and as a result
the insulation of air and clothing are lower than that ob-
tained from a copper manikin test. It has been shown (32)
that a typical U.S. army cold climate uniform possesses only
about half as much insulation during walking as during quiet
standing. In Fig. 4 a dotted line is drawn for the total
insulation value of the basic clothing worn by the subjects
in ref. (12, 13) and calculated by Eq. 19 with the assumption
that the heat storage term S is zero during the experiment
when the subject is in a comfort condition. This line shows
the effect of body movement on the total insulation value
of the basic clothing.
Additive effect of Mutilayer of Clothing
In determinating the insulation of clothing, it is noted
that the heat loss is not uniform over the surface of the
clothed body. For example, when a person wears a jacket
a basic clothing ensemble, the head and hands are bare,
only a single layer covers the lower extremities while there
23
are four layers (jacket, lining, shirt and underwear) on
trunk.
To calculate the additive layer effect, the following'
assumptions are made:
1. The insulation of air is constant all over the body
and clothing surface.
2. The insulation of each clothing layer is equal for
each part of body surfaces if it is of the same
materials.
3. The insulation of basic clothing ensemble is equal
for each part of the body even though the items are
of different materials.
A . The surface temperatures of the copper manikin are
equal over the whole body.
To aid the calculations a 'heat circuit' is drawn in
Fig. 5 for a subject with jacket (or lining, or jacket with
lining). There are four different kinds of insulation for
this subject and they are listed in Table 4. Then the total
resistance of these parallel resistances is given by
^
=
ff
+
I + I? + I (1/clo) (20)n
l 2 3 4
Thus, for each single jacket (or lining) the insulation
R
t based on the area covered by it can be calculated if its
insulation R' averaged on the whole body surface is known.
This can be measured experimentally.
24
Parts
Table 4 Four Different Insulation for
a Subject with Jacket and Lining
Area {%) Insulations (Clo)
head & hands Au
legs & part A
of thigh
trunk & part A
of thigh
sleeves A
Total, aver-
age on the A
body
1
t
s
Du
.115 R,
c
.360 R
v
Heat
Resistance
R i VAh
b'=Rb
+ R
a/fclo R2
= Rb'/A 1
.376 Rt '=Rt + Rb + Ra/fcl R3
= R
t 'At
.149 R
s
'-R
s
+ Rb + Ra/fcl R^ - Rs '/A s
1.000 R' R' = R'/ADu
'.'.'here
R„ = insulation of air (Clo)
R - insulation of basic clothing based on the area
covered by it (Clo)
R t
= insulation of the test jacket (or lining) based on
the area covered by it (Clo)
R„ = insulation of the jacket sleeves based on the area
covered by it (Clo)
E' = total insulation value on the body
R = the insulation value averages on the whole body area
as a result on the test. R^
>
Fig. 5 An electric similarity of heat loss from body
surface.
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The multilayers of clothing based on the area they
covered could be expected to be the sum of the insulation
value of each layer of clothing if the air entrapped in each
clothing layer remains same as though they were not combined.
Thus, the insulation of the multilayers based on the whole
body surface can be calculated by Eqn. 20. However, when
adding a layer on the body some crushing will also occur,
and the total insulation will be somewhat less than the sum
of the individual articles.
26
CHAPTER III
PROCEDURE OF THE EXPERIMENTS
All tests were conducted in room 230 A, Justin Hall at
Kansas State University. A conditioned laboratory of temper-
ature 70 Z 1 F and 65 ± 2 per cent relative humidity was
used for testing. An air movement profile of this laboratory
indicated that there was an increase in air movement with the
increase altitude and some fluctuation from location to lo-
cation in the horizontal direction. However, at no point
in the room did the air velocity exceed 30 ft per minute.
All clothing was allowed to reach equilibrium with the
standard condition environment before any measurements were
taken.
The start-up procedure, test procedure, dress procedure
are discussed in reference (32).
Some corrections for the experimental results
1. A correction chart (Fig. A-l) was made for power
input reading on the strip chart which indicates i 2% error
on the power reading. (For a detailed explanation, see
Appendix 2)
.
2. A wall temperature correction and the radiation heat
transfer between copper manikin surface and the experimenta-
list correction are made. An equivelent of 1.00 F is added
to air temperature for this correction. (For a detailed
calculation, see Appendix 3K
27
The above correction was applied through out the whole
experiment. The assumption that air temperature equals wall
temperature will result in as much as 100% error in the low
temperature difference range if the correction was not ap-
plied.
Calculation on the Test Observation
The total insulation value of the test clothing (or air,
if nude) is calculated according to the expression:
R< =
n - 6 (tb ' ta) (clo) (21)
P
where
P = power required for the copper manikin to maintain
the temperature difference (Watt). It is read
directly from a strip chart, and if the reading is
varying with time, an average reading is taken
during the time taking the 19 points of thermocouple
reading.
t a
= the average of three thermocouples reading in
the air at the back of the manikin's head, hip and
foot positions and 6" from the back.
t< = the average temperature of the surface of the manikin.
(C)
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Calculation of the body surface temperature (t^)
The manikin is fitted with sixteen thermocouples (TC).
Their positions are illustrated in Fig. 6. A potentiometer
is used to determine the electromotive force generated by the
thermocouples.
The simplest way of calculating the average surface
temperature is a linear average of the 16 TC reading. How-
ever, there are three TC on the hands while it possesses only
5.6% of total area and there are 4 TC on lower extremities
while they possess 41-7$ of total area (see Fig. 6). It is
seen that a linear average of 16 TC weighs too much on the
temperature of hands and feet and too little on lower ex-
tremities and trunk.
A more accurate way of calculating the average skin
temperature is to divide body surface into sections and take
the temperature samples in each section. Then weight the
average temperature in each section by its area. The following
explains the procedure used.
Divide body surface into head, hands, upper extremities,
lower extremities and trunk. The area of each part were
measured by DuBois' (34) method. Then, the temperature ob-
tained by a linear average of each section is weighted by
their areas. Table 5 shows this method of calculation of
the average surface temperature.
The comparison of these two methods are plotted in Fig. 7
for the total insulation R 7" of air, basic clothing (see App. 4)
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G1-;
O back thermocouple locations
q front thermocouple locations
a right chest
b left heel
c back of head
d right arm
e right foot
f left hip
HgJn g back left hand
h left cheek
i top left ankle
J right calf
k left leg
1 L.H. small finger
m L.H. index finger
n left scapula
Hi? P
right thigh
left foot
Fig. 6 Thermocouple Locations on Copper Manikin Surface
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Table 5 Calculation of the 'weighted' surface temperature
(1)1(2)
weighted
(1) (2)
Sections area (%) ave. temp
head 6.3 1/2 (c H h)
hands U.l 1/2(1 + m)
lower ext. 4.1.1 1/5 (k + o » 3 + i + p)
upper ext. 15.0 1/3 (d + d + g)
trunk 31.8 l/3(a + n + f)
and a jacket with lining. The solid line is the insulation
value calculated by the linear average method and dotted
line is by 'weighted' average method. When the copper manikin
is nude, the clo value calculated from linear average method
is 3 . 55S higher than that from 'weighted' average method be-
cause the hands and feet, which have seven of the sixteen
thermocouples, possess only 12.7% of the total area of the
body surface. When the body is clothed with basic clothes
or jacket the effect is reversed; the clo values calculated
by 'weighted' average method are 5.6% and 5.9% respectively
higher than calculated by linear average method because the
temperature of hands and feet are then lower than the average
skin temperature.
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CHAPTER IV
RESULTS AMD DISCUSSION
Air Insulation on Copper Kanikin
The tests on air insulation were done on the unclothed
copper manikin. By varying the surface temperature of manikin,
the temperature difference between it and the ambient was
varied. Fife. S shows the insulation of air in clo as a func-
tion of temperature difference between the ambient air and
manikin surface. For each temperature difference, the con-
vective heat transfer C can be calculated by subtracting the
radiation heat loss R Riven by Eqn. 3 from the manikin sur-
face from total heat loss. Thus, the coefficient of convec-
tive heat transfer h c can be calculated at each temperature
difference by Eon. U. The results were plotted in Fig. 9.
The theoretical curves recommended by McNall (20) and Fanger
(17) were also plotted in this figure. At temperature dif-
ferences between and 12 F, the experimental data followed
closely the curve recommended by ref. 20 and for temperature
differences greater than 12 F, instead of increasing, h
c
decreased unexpectedly. This was probably due to:
1. Thermocouple error due to the radiation heat exchange
between the air temperature thermocouple junctions and the mani-
kin surface. As a result the air temperature reading will be
hi,-her than the actual air temperature, and consiquently the
calculated coefficient of convective heat transfer will
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increase with the increase of the temperature difference
between air and the manikin.
2. Fluctuation in wall temperature which was measured
once during the experiments and is not accurately known for
all conditions.
3. Inaccuracies in estimating emissivity of the manikin
surface and A ^ due to the lack in accurate data.
/
. Instability in the automatic temperature control
device especially at the high temperature differences.
The additive effect of clothing ensemble
The experiments were conducted under the same conditions
as mentioned above. The set point temperature for each ex-
periment was set to 34 °C and 36°C such that the temperature
differences for each experiment was about 8°C and 10 °C respec-
tively. The experiments were done on the following ensembles:
1. basic clothing (see App. 4)
2. basic clothing + single ply jacket (No. 9)
3. basic clothing + double ply jacket (No. 7)
4. basic clothing + corduroy shell (co.)
5. basic clothing + light lining (L. L.
)
6. basic clothing + medium lining (M. L.
)
7. basic clothing + heavy lining (H. L.
the following are some of the above combinations, all are
with basic clothing
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•\ No. 9 h L. L.
9. No. 7 H H. L.
10. Co. H II. L.
11. No. 7 -* M. L.
12. (Mo. 7 -i II. L. ) -i L. L.
13. (No. 7 + M. L. ) + L. L.
11, . No . 7 + No . 9
15. No. 7 + Co.
16. (No. 7 + M. L. ) + (Co. + H. L. )
17. (No. 7 + M. L. ) + (No. 9 + L. L.
)
IS. (No. 9 + L. L.) + (Co. + K. L.)
19. L. L. + H. L.
20. L. L. + M. L.
21. L. L. + M. L. + H. L.
It is found that insulation of air at low air velocity
(less than 30 ft/min) is rather constant with the temperature
differences, except on the very low temperature difference
range where insulation of air increases as temperature dif-
ference decreases. However, within the practical range in
these experiments, insulation of air can be assumed constant
(.69 clo).
Fig. 8 shows the results of the experiments on basic
clothing. The total insulation of basic clothing is quite
constant (about 1.A9 clo) except on very low temperature
difference range, as seen in this figure. Its insulation is
li' - R
a/- C i
= 0.68 clo by assuming f_ lo 1.1 (compared with
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0.6 recorded ir, the previous works (33> 34) calculated by
Linear average of 16 thermocouples on the manikin surface
as the body average surface temp.).
The rest of the experiments were shown on Table 6 and
Table 7. Table 6 is for a single layer over the basic
clothing (2 to 7) and the insulation based on the body sur-
face covered by it (R,) was calculated and listed on the
same Table. For the combination of two, three or four layers
of clothing the total insulation R resulting from these ex-
periments was listed on Table 7 (8 - 21). The theoretical
predictions showed an excellent agreement with the experi-
mental results, and only 0.5% to !+.0% difference were recorded.
This small discripancy between the theoretical sum of the
insulation values of the ensembles as predicted by Eqn. 20
and the experimental results shows that the individual in-
sulation of clothing will not be affected significantly by
adding successive articles of clothing. However, the loss
of 0.5 to 4-0/o insulation value for adding articles of clothing
shows that the additional pressure did compressed the air
layers entrapped by the clothing somewhat and thus, decreased
the insulation of each air layer.
The variety of combinations of different jackets and
lining provides sufficient data to support the above state-
ments for light clothing. Arctic-type heavy clothing may
show a more significant loss in insulation due to "layering."
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Table 6 The total insulation of single jacket or lining on
basic clothing (R' ) resulting from experiments and
the calculated insulation value Rt ' based on the
surface covered by it. (by eq. 20)
Clothing R 1/R
2
1/R
1
1/R
4
A
t
R
3
f
cl Vfcl Rt
No. 9 1.83 O.36*
I.64
0.115
0.89
O.I49
3.5
• 376 2.38 1.20 .74 .80
No. 7
Co.
1.90
1.89
=
.24 2 = .129 -.043
2.74
2.61
1.16
1.03
L. L.
M. L.
H. L.
1.79
1.74
1.84
0.51
I.64
-.312
0.115
0.89
= .129
.376 3.H
2.78
3.62
1.27 .70 1.61
1.25
2.08
Where
R = experimental results on the total insulation averaged
on the body surface (Clo)
Rt
>» the insulation of the tested clothing based on the
area covered by this clothing and calculated by
eq. 20.
R-, =
^a/^h = neat resistance on hands and head weighted
by areas.
R~ = Rv'/A-i =area weighted total heat resistance on the
parts covered by the basic clothing and not
covered the tested clothing
R 3 ~ Rt'/A t =area weighted total heat resistance on the
parts covered by the tested clothing
(except on sleeves)
R, = Rs '/A =area weighted total heat resistance on the
parts of sleeves
I(
a
insulation of air, 0.89 in this case
#1.64 is the total insulation value of the basic clothing
based on the area covered by it.
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Table 7 The experimental results of clothing ensemble
compared with the theoretical predicting by
eq. 20
Clothing
No. 9 + L. L.
No. 7 H H. L.
Co. H li. L.
No. 7 + M.L.
(No. 7 + H. L. ) 4 L. L.
(No. 7 4 M. L. ) 4 L. L.
No. 7 4 No. 9
No. 7 4 Co.
<t Vfcl V !/R3 1/K1 1/R2
2.41 .74 3.99 .094
3.14 4.72 .079
3.H 4.69 .080
2.41 3.99 .094
4.85 .74 6.43 .059
4.02 5.06 .067
1.96 .74 3.54 .106
2.19 .74 3-77 .100
0.115 0-36
0.89 1.64
= .129 .22
.129 .22
.129 .22
(No. 7 4 M.L.)4(Co. 4 H.L.) 5-52 .74 7.10 .053
(No. 7 4 M.L. )+(No.9+ L.L.) 5.82 7.40 .051
(No. 9 4 L.L.)4(Co. 4 H.L.) 5-52 7.10 .053
L. L. 4 H. L.
L. L. 4 M. L.
L. L. 4 M. L. 4 H. L.
3.69 .78 5-74 .071
2.86 4.48 .084
4.94 6.56 .057
.129 .22
.129 0-509
1.640
=0.31
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Table 7 Concluded
R' H' erroe
CI.othi nf. 1/R
4
C alculate experi. (*)
No. 9 + L. L. 0.14?
3.50
2.06 2.05 -0.5
No. ? -t H. L. 2.12 2.07 -2.5
Co. -+ I! . L.
-.043
2.12 2.10 -1.0
No. 7 n M. L. 2.06 2.04 -1.0
(No. 7 1 I!. L. ) -I L. L 2.22 2.20 -0.9
(No. 7 •f M. L. ) + L. L
= .043
2.18 2.15 -2.0
No. 7 + No. 9 0.14.9
5-420
2.07 2.06 -0.5
No. 7 + Co. = .028 2.10 2.11 +0.5
(No. 7 + K.L. )H (Co. , + H. L.J
.028
2.32 2.30 -0.8
(No. 7 + M.L. )+(No.,9+ L, L.J 2.34 2.30 -1.7
(No. 9 + L.L. )+(Co. + H. L.) 2.32 2.30 -0.8
L. L. + H. L. 1.96 1.88 -4.2
L. L. + M. L. 1.91 I.84 -2.7
L. L. + M. L. + H. L, 2.02 1.96 -4.1
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Curvature Effect on Thermal Insulation
Value of Clothing
Let us assume the human body is constructed of cylinders
as indicated in Table A-l. The radius for each cylinder is
taking the maximum diameter of the copper manikin at that
part.
Table A-l Representing the human body by a combination
of cylinders to determine the curvature
effect on clothing
Parts
Trunk
Upper ex.
Legs
Dia. (in]
11.4
3.3
6.3
Length (in)
28
26
32
Area {%)
35.6
19.2
45.2
The insulation value of the clothing for each part of the body
can be calculated by Eqn. 17 at various insulating thicknesses.
The results are shown in Table A-2.
Table A-2 The effect of curvature on the insulation
value of clothing at various thicknesses.
Thickness
of
Clothing (in!
Trunk
1
Upper
Extremi-
ties
0.5 ncl (clo;
weighted
1 2.25
.80
2.04
• 39
1.0 R
c
n (clo!
weighted
1 4.32
1.54
3.61
.69
1.5 R c i (cloi
weighted
6.24
2.22
4-85
• 93
Legs
2.18
.98
4.06
1.84
5.70
2.58
Air
0.82
0.77
0.72
Total
2.99
4.84
6.45
kl
It is to be mentioned that it was found during testing
the curvature effects on clothing, that the body can be
simulated by a cylinder with 6.3 in. in diameter and only
slight error will result by this simplification.
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CORRECTIONS FOR INSTRUMENT ERRORS
A wattmeter and a potentiometer were used seperately
to check the power output readings on the strip chart
recorder. Both instruments showed that the scale deflection
indicated in the strip chart gave a lower power output
reading when scale deflection was less than 50% and a
higher reading when it was greater than 50%. A colibration
chart (Fig. A-l) was made to correct the power input
readings on the strip chart which showed as much as +2.5%
error.
50
F- 1 _.../ o
/
.H
/ oo-
c
o
•H
•p
o
M
C
•H
•d
ID
0)
u
o oo o rH
•p
to w h
91 <0
T3
o
0)
iH G.
(B H
o t<
0) P
o m
c^
£p
c
•H
P
oSp o 3
c
•H
s
o
o
ex:so
<2
c
o
•H
p
O
o4
o
L O (1)S-.
U
O
o
H
1
<<
bO
•H
fa
o
OyCO
APPENDIX III
52
Power
(Watt
)
12 16 20 24 28
temperature diff. (°F)
Fig. A-2 Copper Manikin Power vs. temperature diff.
assuming air temperature equal to wall
temperature
By McCracken (32)
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A CORRECTIONS FOR MRT OF ENVIRONMENT NOT
EQUAL TO AIR TEMPERATURE
Fig. A-3 is the power input required for manikin as a
function of the temperature differences between manikin sur-
face and air assuming that the MRT equals to air temperature.
When the temperature difference equals 1.8 F the power re-
quired to keep the copper manikin in thermal equilibrium with
the environment is zero. This must mean that the environment
has an MRT higher than air temperature. A correction for
this error is necessary.
The radiation heat exchange between experimental and manikin
The experimenter and the copper
manikin were simulated as Fig. A-2.
This assumption can be made because
the area of the experimenter compared
to wall is very small. The average
temperature of the experimenter is
11 °F higher than that of the wall ' 36"
teir.perature. Neglecting the end Fig. A-3 The simplified
shape and relative posi-
effect of the cylinder; the following tion for the copper man
and the experimenter.
view factors as given by ref. 16 are:
-Y3./J~
*0
3
2
.«j «*-
4
J
1
1
Fno = 0.095/tc F - 0.068/ re F23 u - 0.12/7C
by reciprocity law
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< A 2 < A 3
)F
23 14
= A
2
F
21
4 A
2
F
24
+ A
3
F31 * A 3
F34
By special reciprocity law
A
2
K
2/, "
A
3
F
31
A
1
F
13
=
•' ^
(A
2
4 A
3
)A
23 14 "
A
2
F21" A
3
F
34
]
= 1.19/JC (irr 2/U4)
A 1 F1 23
= A i F i 2
+ A 1
F13
= 5.18/ ( r 2/l44)
F
1 23
= 0.124/tc =0.04
Thus,
R = h
r
(Tb - T s )0.04 + hr (Tb - TjO.96 (A-l)
since Tg - 11 + Tw
R = h
r
(T
fc
- (T
w
+ 0.44)] (Btu/hr-ft 2 )
where
h = radiation heat transfer coefficient
r
T
s
= absolute mean radiation temp. (MRT) of the experi-
menter
T
w
absolute mean radiation temp, of the wall
T, = absolute MRT of the manikin surface
The radiation heat exchange between wall and manikin surface
The average wall temperature was measured once. It was
71.55 F while the air temperature was 70 F. Thus T =T +1.55.w a
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This result was not highly accurate since the wall temperature
is a function of outside temperature and inside temperature.
However, substituting this value of Tw into Eqn. A-l yield
R- hr (t fe - (t a + 1.99)} (Btu/hr-ft
2
) (A-2)
If we roughly assume half of the heat loss is by radia-
tion and half is by convection, then the total heat loss
from the manikin surface will be
H - h/2J(tb - (ta + 1.99) J + (tb - ta )| (A-3)
= h (tb - (ta - 1.00)] (Btu/hr-ft
2
) (A-4)
Thus, for calculating the insulation of clothing 1.00 F was
added to the air temperature measured by three thermocouples
to correct for MRT = ta .
APPENDIX IV
57
BASIC CLOTHING
A complete description of the basic clothing ensemble
Poi males is shown in Table A-2. Male undergarments were
used during the tests with the copper man. The shirt tail
was in and the neck open.
Table A-2 Basic Clothing Description
Clothing Description Material Weight (lb)
long sleeve shirt 100 % cotton 11.500 oz
trousers 100 % cotton 1 lb 3-250 oz
shorts 100 % cotton knit 3-500 oz
socks 100 % wool jersey filling 2.250 oz
Total 2 lb ^ 5°° oz
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Based on the previous works on copper manikin, more
advanced studies were done and some corrections for both
instruments and wall temperature were found necessary. A
method of area-weighted average manikin surface temperature
was established and employed to determine the thermal in-
sulation of clothing sets.
The experiments were conducted in a conditioned room
with 70+1 F air temperature and 65 + 2% relative humidity.
The wall temperature was slightly higher than air tempera-
ture and air velocity was below 30 ft. per min. The convec-
tion heat transfer coefficients were then calculated and they
checked the theory quite well for temperature differences
below 12 F. Deviations were found when the temperature dif-
ference was greater than 12 F. These were probably caused
by thermocouple errors due to radiation heat exchange between
copper manikin and thermocouple junctions.
A method of predicting the total insulation of a clothing
ensemble from each component's insulation was found. The
results were in excellent agreement with that from these
experiments. A small but significantly lower result from the
theoretical predictions were recorded due to the pressure
from additional clothing layers in an ensemble.
From a literature survey, the effect of body movement on
the total insulating value of clothing was found. This was
shown on a thermal comfort chart which plotted the relations
of effective environmental temperature, body activity levels
and clothing insulation versus human comfort.
